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Abstract

We have previously found that human chymase cleaves big endothelins at the Tyr31–Gly 32 bond and produces 31-amino acid long
Ž . Ž .endothelins- 1–31 , without any further degradation products. In this study, we investigated the effect of synthetic endothelin-1- 1–31 on

2q Žw 2qx . Ž .the intracellular free Ca concentration Ca in cultured human coronary artery smooth muscle cells. Endothelin-1- 1–31 increasedi
w 2qx Ž y14 y10 . Ž . w 2qxCa in a concentration-dependent manner 10 to 10 M . This endothelin-1- 1–31 -induced Ca increase was not affectedi i

Ž Ž . .by phosphoramidon N- a-Rhamnopyranosyloxyhydroxyphosphinyl -L-Leucyl-L-Tryptophan , an inhibitor of endothelin-converting en-
y10 Ž Ž Ž . ..zyme. It was, however, inhibited by 10 M BQ123 Cyclo- -D-Trp-D-Asp ONa -Pro-D-Val-Leu- , an endothelin ET receptorA

y10 Ž Ž . .antagonist, but not by 10 M BQ788 N-cis-2,6-dimethylpiperidinocarbonyl-L-g MeLeu-D-Trp COOMe -D-Nle-ONa , an endothelin
Ž .ET receptor antagonist. These results suggest that endothelin-1- 1–31 by itself exhibits vasoactive properties probably throughB

Ž .endothelin ET receptors. Since human chymase has been reported to play a role in atherosclerosis, endothelin-1- 1–31 may be one ofA

the candidate substances for its cause. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Endothelin-1 is a 21-amino acid polypeptide which
exhibits various physiological actions, such as vascular

Ž .contraction Yanagisawa et al., 1988 , cardiac hypertrophy
Ž . Ž .Arai et al., 1995 and mitogenesis Chua et al., 1992 .
Human endothelin-1 is generated from the 38-amino acid
precursor, big endothelin-1, through cleavage of the
Trp21 –Val22 bond via the action of endothelin-converting
enzyme. Although endothelin-converting enzyme was orig-
inally shown to be a membrane-bound metalloprotease
Ž .Yanagisawa et al., 1988 , several other metalloproteases
have also been postulated to catalyze the formation of

Žendothelin-1 from big endothelin-1 Matsumura et al.,
.1990 . Rat mast cell chymase has also been reported as a
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putative converter of big endothelin-1 to endothelin-1
Ž .Wypij et al., 1992 .

We have recently reported that human mast cell chy-
mase, unlike rat mast cell chymases, selectively cleaves
big endothelins at the Tyr 31 –Gly 32 bond to produce novel
trachea-constricting 31-amino acid long endothelins, en-

Ž .dothelins- 1–31 , without any further degradation products
Ž . Ž .Nakano et al., 1997 . Furthermore, endothelins- 1–31
have been isolated from various human organs, such as

Ž .lung and heart Okishima et al., manuscript in preparation .
Since endothelin-1 has been shown to play a significant
role in the paracrine regulation of cardiovascular functions

Ž . Ž .in humans Uchida et al., 1988 , endothelin-1- 1–31 may
possess biological activities in human tissues. In the pre-
sent study, we examined the effect of synthetic endothelin-
Ž .1- 1–31 on the intracellular free calcium concentration

Žw 2qx .Ca in cultured human coronary artery smooth mus-i

cle cells, using confocal laser microscopy.
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2. Materials and methods

2.1. Cell culture and loading of the Ca2 q indicator fluo-3
into cells

Human coronary artery smooth muscle cells at passage
4 were obtained as a commercially available product from

Ž .Clonetics San Diego, CA, USA . Cells were plated in
25-cm2 tissue culture flasks at a density of 5=103

cellsrcm2 in MCDB131 medium supplemented with 5%
heat-inactivated fetal calf serum, 0.5 ngrml epidermal
growth factor, 1 ngrml basic fibroblast growth factor, 5
mgrml insulin, 50 mgrml gentamicin and 0.25 mgrml
amphotericin B. The cells were incubated at 378C in 5%
CO and the medium was replaced every other day until2

the cells were 60–80% confluent. The cells were then
removed from the flasks with 0.025% trypsin plus 0.01%
EDTA and seeded onto glass cover-slips attached to 35-mm
tissue culture dishes coated with poly-L-lysine. All experi-
ments were performed with the cells in passage 5–15 and
at 2–3 days post-confluency. For dye loading, the culture
medium was removed from the dishes and replaced with
modified Krebs–Henseleit bicarbonate buffer solution
Ž . ŽK–H solution 135 mM NaCl, 5.6 mM KCl, 1.2 mM
MgSO , 1.2 mM KH PO , 25 mM NaHCO , 2.2 mM4 2 4 3

.CaCl , 10 mM glucose, adjusted with HCl to pH 7.402

oxygenated with 95% O and 5% CO gas mixture. The2 2

cells were then loaded with 4 mM of fluo-
3racetoxymethylester at 378C. After loading for 30 min,
the solution was exchanged for a dye-free K–H solution,
and the cells were allowed to de-esterify the indicator for
an additional 10 min.

2.2. Measurement of fluorescence intensity with confocal
laser microscopy

Fluorescence intensity was analyzed with confocal laser
Ž .microscopy as described previously Tanaka et al., 1997 .
ŽBriefly, a confocal imaging system Nikon RCM 8000,

.Tokyo, Japan with an Argon-ion laser was attached to an
Ž .inverted microscope Nikon TMD300, Diaphot . A culture

dish of cells in 1 ml of K–H solution was placed on the
stage of the microscope and the cells were excited at 488
nm by the laser. Emission at wavelengths longer than 520
nm was then detected by a photomultiplier. After measure-
ment of stable baseline fluorescence intensity, 10 ml of an
agent was added to the extracellular medium, and the
fluorescence intensity was recorded. After 1 min, the same
cells were stimulated by addition of 10 mM of ionomycin
and the relative fluorescence intensity was calculated. Cali-
bration of the fluo-3 fluorescence intensity, to estimate
w 2qxCa , was calculated from the difference between Fi max

and F . To estimate F , the cells were washed fivemin min

times with Ca2q-free K–H solution containing 3 mM
w 2qxEGTA and the resting Ca was determined 2 min later.i

F was estimated from the intensity at 1 min aftermax

addition of ionomycin in each experiment. Results are
expressed as a percentage of the difference between Fmax

and F .min

2.3. Chemicals

Human endothelin-1, big endothelin-1 and phospho-
Ž Ž .ramidon N- a-Rhamnopyranosyloxyhydroxyphosphinyl -

.L-Leucyl-L-Tryptophan were obtained from Peptide Insti-
Ž . Ž .tute Osaka, Japan . Endothelin-1- 1–31 was synthesized

by solid-phase procedures at Peptide Institute. Fluo-
3racetoxymethylester was purchased from Wako Pure

Ž . Ž ŽChemical Osaka, Japan . BQ123 Cyclo- D-Trp-D-
Ž . .. ŽAsp ONa -Pro-D-Val-Leu- and BQ788 N-cis-2,6-di-

Ž .methylpiperidinocarbonyl-L-g MeLeu-D-Trp COOMe -D-
. ŽNle-ONa were gifts from Banyu Pharmaceutical Tsukuba,

.Japan . All other chemicals used were commercial prod-
ucts of reagent grade.

2.4. Statistics

Data are presented as means"S.E. for a total of 25
cells observed in five separate experiments. One-way anal-
ysis of variance was used to determine significance among
groups, after which the modified t-test with the Bonferroni
correction was used for comparison between individual
groups. A value of P-0.05 was considered to be statisti-
cally significant.

3. Results

Ž .Fig. 1 shows the effect of endothelin-1- 1–31 on the
2q Žw 2qx .intracellular free Ca concentration Ca comparedi

with that of endothelin-1 and big endothelin-1. Endothelin-
Ž . y14 y101- 1–31 at concentrations between 10 and 10 M

w 2q xFig. 1. Concentration–response curves for increases in Ca inducedi
Ž .Ž . Ž . Ž .by endothelin-1- 1–31 v , endothelin-1 ` and big endothelin-1 ^ in

cultured human coronary artery smooth muscle cells. Values are ex-
pressed as % difference of F and F as described in the textmax min
Ž .means"S.E. of a total of 25 cells in five separate experiments . Fmax

was obtained from the fluorescence intensity after addition of 10 mM of
ionomycin to the incubation medium.
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w 2qxcaused an increase in Ca in a concentration-dependenti
w 2qx Žmanner. The Ca increase induced by endothelin-1- 1–i

.31 reached a peak within 10 s and then gradually de-
creased to the baseline resting value within 1 min. In

Ž . w 2qxaddition, the endothelin-1- 1–31 -induced Ca increasei

was not affected by removal of Ca2q from the medium
Ž .data not shown . Endothelin-1, however, was about 10-

Ž .times more potent than endothelin-1- 1–31 in the concen-
w 2qxtrations used. The concentration–response curve of Ca i

for big endothelin-1 was similar to that for endothelin-1-
Ž .1–31 .

w 2qxTo investigate the possibility that the Ca increasei
Ž .induced by endothelin-1- 1–31 may be due to further
Ž .degradation of endothelin-1- 1–31 to endothelin-1 by en-

dothelin-converting enzyme in the medium or in the cells,
we examined the effect of an inhibitor of endothelin-con-

Ž .verting enzyme, phosphoramidon Matsumura et al., 1991 ,
Ž . w 2qxon the endothelin-1- 1–31 -induced increase in Ca .i

As shown in Fig. 2, phosphoramidon at 10y5 M failed to
w 2qx Žinhibit the increase in Ca induced by endothelin-1- 1–i

. y1231 at a concentration of 10 M.
Ž .To determine whether the effect of endothelin-1- 1–31

is a receptor-mediated phenomenon, we examined the
effects of endothelin receptor antagonists on the increase

w 2qx Ž .in Ca evoked by endothelin-1- 1–31 . Since it hasi

been reported that there are at least two main subtypes of
endothelin receptors, termed endothelin ET and ET re-A B

Ž .ceptors Watanabe et al., 1989 , we examined the effects
of a specific endothelin ET receptor antagonist, BQ123A
Ž .Ihara et al., 1992 , and a specific endothelin ET receptorB

Ž .antagonist, BQ788 Ishikawa et al., 1994 , on the endothe-
Ž . w 2qxlin-1- 1–31 -induced increase in Ca . As shown in Fig.i

2, BQ123 at 10y10 M almost abolished the increase in
w 2qx y12 Ž .Ca induced by 10 M of endothelin-1- 1–31 ,i

Ž y5 . Ž y1 0 .Fig. 2. Effects of phosphoramidon 10 M , BQ123 10 M and
Ž y1 0 . Ž . w 2q xBQ788 10 M on endothelin-1- 1–31 -induced increases in Ca i

in cultured human coronary artery smooth muscle cells. Values are
expressed as % difference of F and F as described in the textmax min
Ž .means"S.E. of a total of 25 cells in five separate experiments . The
control value is the fluorescence intensity obtained with a half-maximal

Ž y1 2 . Ž .dose 10 M of endothelin-1- 1–31 . Each drug was added to the
incubation medium throughout dye loading and in each experiment.
Ž .) P -0.05 from the control value .

whereas BQ788 at the same concentration had no effect on
w 2qxthe increase in Ca .i

4. Discussion

Human chymase is highly efficient in converting an-
Ž .giotensin I to angiotensin II Urata et al., 1990b , and the

chymase-dependent angiotensin II-forming pathway is rec-
ognized as a major pathway for angiotensin II formation in

Ž .cardiovascular tissues Urata et al., 1990a . We have previ-
ously found that human mast cell chymase also specifi-
cally converts big endothelins to novel trachea-constricting

Ž .31-amino acid long peptides, endothelins- 1–31 , which
are longer than the well-known 21-amino acid endothelins
Ž .Nakano et al., 1997 . It has also been reported that a
serine protease in human lungs hydrolyzes big endothelin-1

Ž .to a fragment of endothelin-1- 1–31 which has contractile
Ž .activity in pulmonary artery Hanson et al., 1997 . Since

endothelin-1 and angiotensin II possess a wide variety of
Žbiological activities, including cardiac hypertrophy Arai et

.al., 1995 , and have a role in the pathogenesis of athero-
Ž . Ž .sclerosis Weissberg et al., 1990 , endothelins- 1–31 may

also be novel vasoactive peptides in the endothelin family.
w 2qxSince the increase in Ca caused by endothelin-1 hasi

Žbeen implicated in vascular contraction Simonson and
.Dunn, 1990 and vascular smooth muscle cell proliferation

Ž .Komuro et al., 1989 , we investigated the effect of syn-
Ž . w 2qxthetic endothelin-1- 1–31 on Ca in cultured humani

coronary artery cells, using confocal laser microscopy.
As shown in Fig. 1, the results revealed that the activity

Ž . w 2qxof endothelin-1- 1–31 to increase Ca was almosti

10-times less potent than that of endothelin-1 and similar
to that of big endothelin-1. However, the potency of

Ž . w 2qxendothelin-1- 1–31 to raise Ca was 100-times andi

10 000-times more pronounced in the concentrations used
than those of angiotensin II and noradrenaline, respectively
Ž .data not shown . Although earlier studies used relatively

Ž .high concentrations nanomolar range of endothelin-1
Ž .Gardner et al., 1992; Xuan et al., 1994 , our results

Ž .revealed that endothelin-1- 1–31 , as well as endothelin-1,
w 2qxincreased Ca in the picomolar range. These results arei

consistent with other observations that endothelin-1 causes
contraction of rat renal afferent arterioles at concentrations

y12 Ž .around 10 M Lanese et al., 1992 . We also confirmed
that endothelin-1 contracted rabbit afferent arterioles at

y13 Ž .concentrations higher than 10 M unpublished data .
Considering the findings that tissue or blood concentra-

Žtions of endothelin-1 are in the picomolar range Holm and
.Franco-Cereceda, 1996 , it is reasonable to speculate that

Ž .the physiological effect of endothelin-1- 1–31 may de-
velop at picomolar concentrations.

It is important to elucidate whether the effect of en-
Ž .dothelin-1- 1–31 is a result of its extracellular conversion

Ž .to endothelin-1, or whether endothelin-1- 1–31 itself acts
directly on cells. As shown in Fig. 2, phosphoramidon, an
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inhibitor of metalloendopeptidases, and endothelin-con-
Ž .verting enzyme Matsumura et al., 1991 , at a concentra-

tion of 10y5 M had almost no effect on the increase in
w 2qx Ž .Ca elicited by endothelin-1- 1–31 , although phos-i

phoramidon at the same concentration effectively inhibits
Žthe contractile activity of big endothelin-1 Advenier et al.,

.1992; Nakano et al., 1997 . The results are consistent with
the findings in the previous report that endothelin-convert-
ing enzyme requires the C-terminal structure of big en-
dothelin-1 for enzyme recognition and is not able to cleave

Ž . Ž .endothelin-1- 1–31 Xu et al., 1994 . Taken together, the
Ž .results indicate that the activity of endothelin-1- 1–31 to

w 2qxincrease Ca is not a consequence of its conversion toi

endothelin-1 by endothelin-converting enzyme or metal-
Ž .loendopeptidase s . It should be noted that endothelin-1-

Ž .1–31 itself has biological activity in cultured human
coronary artery smooth muscle cells, regardless of whether
or not it is degraded to endothelin-1.

The above findings are consistent with the hypothesis
Ž . Ž .that endothelin-1- 1–31 binds to its receptor s without

further proteolytic degradation and induces an increase in
w 2qxCa in cultured coronary artery smooth muscle cells.i

w 2qxAs shown in Fig. 2, the Ca -increasing effect of en-i
Ž . y10dothelin-1- 1–31 was inhibited by 10 M of BQ123,

but not by 10y10 M of BQ788, known inhibitors of
endothelin ET and ET receptors, respectively. AlthoughA B

Žwe have no evidence that the receptor of endothelin-1- 1–
.31 is identical to that of endothelin-1, the results suggest

Ž .that the cell response induced by endothelin-1- 1–31 is
mediated through endothelin ET or ET -like receptors.A A

Further studies are needed to clarify what type of receptors
Ž .are involved in the endothelin-1- 1–31 -induced phe-

nomenon.
Ž .In conclusion, endothelin-1- 1–31 is a novel putative

vasoactive peptide of the endothelin family that may be
deeply involved in chymase-related pathophysiological
processes in humans. Since chymase plays a significant
role in foam cell formation in human coronary atheromas
Ž .Kovanen et al., 1995 , the pathogenesis of atherosclerosis
in coronary artery may be attributable to the effect of
bioactive endothelin derivatives, including endothelin-1-
Ž .1–31 , an endogenous product of mast cell chymase in
humans.

References

Advenier, C., Lagente, V., Zhang, Y., Naline, E., 1992. Contractile
activity of big endothelin-1 on the human isolated bronchus. Br. J.
Pharmacol. 106, 883–887.

Arai, M., Yoguchi, A., Iso, T., Takahashi, T., Imai, S., Murata, K.,
Suzuki, T., 1995. Endothelin-1 and its binding sites are upregulated in
pressure overloaded cardiac hypertrophy. Am. J. Physiol. 268,
H2084–H2091.

Chua, B.H.L., Krebs, C.J., Chua, C.C., Diglio, C.A., 1992. Endothelin
stimulates protein synthesis in smooth muscle cells. Am. J. Physiol.
262, E412–E416.

Gardner, J.P., Tokudome, G., Tomonari, H., Maher, E., Hollander, D.,
Aviv, A., 1992. Endothelin-induced calcium responses in human
vascular smooth muscle cells. Am. J. Physiol. 262, C148–C155.

Hanson, G.C., Anderson, K.E., Gyllstedt, E., Hogestatt, E.D., Lindberg,¨ ¨
B.F., 1997. Hydrolysis of big endothelin-1 by a serine protease in the
membrane fraction of human lung. Regul. Pept. 68, 63–69.

Holm, P., Franco-Cereceda, A., 1996. Tissue concentrations of endothe-
lins and functional effects of endothelin-receptor activation in human
arteries and veins. J. Thorac. Cardiovasc. Surg. 112, 264–272.

Ihara, M., Noguchi, K., Saeki, T., Fukuroda, M., Tsuchida, S., Kimura,
S., Fukami, T., Ishikawa, K., Nishikebe, M., Yano, M., 1992. Biolog-
ical profiles of highly potent novel endothelin antagonists selective
for the ET receptor. Life Sci. 50, 247–255.A

Ishikawa, K., Ihara, M., Noguchi, K., Mase, T., Mino, N., Saeki, T.,
Fukuroda, M., Fukami, T., Ozaki, S., Nagase, T., Nishikebe, M.,
Yano, M., 1994. Biochemical and pharmacological profile of a potent
and selective endothelin B-receptor antagonists, BQ788. Proc. Natl.
Acad. Sci. USA 91, 4892–4896.

Komuro, I., Kurihara, Y., Sugiyama, T., Takaku, F., Yazaki, Y., 1989.
Endothelin stimulates c-fos and c-myc expression and proliferation of
vascular smooth muscle cells. FEBS Lett. 238, 249–252.

Kovanen, P.T., Kaartinen, M., Paavonen, T., 1995. Infiltrates of activated
mast cells at the site of coronary atheromatous erosion or rupture in
myocardial infarction. Circulation 92, 1084–1088.

Lanese, D.M., Yuan, B.H., McMurtry, I.F., Conger, J.D., 1992. Compara-
tive sensitivities of isolated rat renal arterioles to endothelin. Am. J.
Physiol. 263, F894–F899.

Matsumura, Y., Ikegawa, R., Tsukahara, Y., Takaoka, M., Morimoto, S.,
1990. Conversion of big endothelin-1 to endothelin-1 by two types of
metalloproteinases derived from porcine aortic endothelial cells. FEBS
Lett. 272, 166–170.

Matsumura, Y., Ikegawa, R., Tsukahara, Y., Takaoka, M., Morimoto, S.,
1991. Conversion of big endothelin-1 to endothelin-1 by two-types of
metalloproteinases of porcine vascular smooth muscle cells. Biochem.
Biophys. Res. Commun. 178, 899–905.

Nakano, A., Kishi, F., Minami, K., Wakabayashi, H., Nakaya, Y., Kido,
H., 1997. Selective conversion of big endothelins to tracheal smooth
muscle-constricting 31-amino acid-length endothelins by chymase
from human mast cells. J. Immunol. 159, 1987–1992.

Simonson, M.S., Dunn, M.J., 1990. Cellular signaling by peptides of the
endothelin gene family. FASEB J. 4, 2989–3000.

Tanaka, H., Nishimaru, K., Sekine, T., Kawanishi, T., Nakamura, R.,
Yamaguchi, K., Shigenobu, K., 1997. Two-dimensional millisecond
analysis of intracellular Ca2q sparks in cardiac myocytes by rapid
scanning confocal microscopy: increase in amplitude by isoproterenol.
Biochem. Biophys. Res. Commun. 233, 413–418.

Uchida, Y., Ninomiya, H., Saotome, M., Nomura, A., Ohtsuka, M.,
Yanagisawa, M., Goto, K., Masaki, T., Hasegawa, S., 1988. Endothe-
lin, a novel vasoconstrictor as a potent bronchoconstrictor. Eur. J.
Pharmacol. 154, 227–228.

Urata, H., Healy, B., Stewart, R.W., Bumpus, F.M., Husain, A., 1990a.
Angiotensin II-forming pathways in normal and failing human hearts.
Circ. Res. 66, 883–890.

Urata, H., Kinoshita, A., Misono, K.S., Bumpus, F.M., Husain, A.,
1990b. Identification of a highly specific chymase as the major

Ž .angiotensin Ang II forming enzyme in the human heart. J. Biol.
Chem. 265, 22348–22357.

Watanabe, H., Miyazaki, H., Kondoh, M., Masuda, Y., Kimura, S.,
Yanagisawa, M., Masaki, T., Murakami, K., 1989. Two distinct types
of endothelin receptors are present on chick cardiac membranes.
Biochem. Biophys. Res. Commun. 161, 1252–1259.

Weissberg, P.L., Witchell, C., Davenport, A.P., Hesketh, T.R., Metcalfe,
J.C., 1990. The endothelin peptides ET-1, ET-2, ET-3 and sarafotoxin
S6b are co-mitogenetic with platelet-derived growth factor for vascu-
lar smooth muscle cells. Atherosclerosis 85, 257–262.

Wypij, D.M., Nichols, J.S., Novak, P.J., Stacy, D.L., Berman, J., Wise-
man, J.S., 1992. Role of mast cell chymase in the extracellular



( )M. Yoshizumi et al.rEuropean Journal of Pharmacology 348 1998 305–309 309

processing of big-endothelin-1 to endothelin-1 in the perfused rat
lung. Biochem. Pharmacol. 43, 845–853.

Xu, D., Emoto, N., Giaid, A., Slaughter, C., Kaw, S., de Wit, D.,
Yanagisawa, M., 1994. ECE-1: a membrane-bound metalloprotease
that catalyses the proteolytic activation of big endothelin-1. Cell 78,
473–485.

Xuan, Y.T., Wang, O.L., Whorton, A.R., 1994. Regulation of

endothelin-induced Ca2q mobilization in smooth muscle cells by
protein kinase C. Am. J. Physiol. 266, C1560–1567.

Yanagisawa, M., Kurihara, H., Kimura, S., Tomobe, Y., Kobayashi, M.,
Mitsui, Y., Yazaki, Y., Goto, K., Masaki, T., 1988. A novel potent
vasoconstrictor peptide produced by vascular endothelial cells. Nature
332, 411–415.


